Bone morphogenetic protein 15 (BMP15) is a multifunctional oocyte-specific secreted factor. It controls 14 female fertility and follicular development in both species-specific and dosage-sensitive manners. Previous 15 studies found that BMP15 played a critical role on follicular development and ovulation rate of 16 mono-ovulatory mammalian species, but has minimal impact on poly-ovulatory mice. However, whether this 17 is true in non-rodent poly-ovulatory species need to be validated. To investigate this question, we generated a 18 BMP15 knockdown pig model. We found that BMP15 knockdown gilts showed markedly reduced fertility 19 accompanied with phenotype of dysplastic ovaries containing significantly declined number of follicles, 20 increased number of abnormal follicles, and abnormally enlarged antral follicles resulting in disordered 21 ovulation. Molecular and transcriptome analysis revealed that knockdown of BMP15 significantly suppressed 22 cell proliferation, differentiation, Fshr expression, leading to premature luteinization and reduced estradiol 23 production in GCs, and simultaneously decreased the quality and meiotic maturation of oocyte. Our results 24 provide in vivo evidences for the essential role of BMP15 in porcine ovarian and follicular development, and 25 new insight into the complicated regulatory function of BMP15 in female fertility of poly-ovulatory species. 26 KEY WORDS: BMP15; transgenic pig; follicular development; ovarian development 27 28 96
Introduction 29
In the past three decades, increasing studies have revealed the important role of the oocyte-specific secreted 30 factor BMP15 in mammalian ovarian and follicular development through exerting its multiple functions (Chang et al., 2013; Hussein et al., 2005; Juengel et al., 2011; McNatty et al., 2005 ; Zhai et al., TGF ovaries, drastically decreased number of early stage follicles led to thinner ovarian cortex (blue line). (E) 214 Comparison of three ovarian phenotypes at age of 110 days showed less number of early stage follicles in TGF 215 ovarian cortex, and the minimum number of follicles in TGS ovaries. (F) Results of a follicle number counting 216 showed markedly reduced proportion of normal secondary follicles in the TGF ovaries. Secondary follicles in 217 three sections of each ovary were counted. (G) Representative images of abnormal TGF secondary follicles, 218 including multiovular follicle with highly irregularly organized theca cell layers (i); follicle with oocyte-free 219 structure, and abnormally thickened zona pellucida surrounded by highly degraded GCs (ii); follicle with 220 abnormally thickened theca layers (iii); follicle with enlarged oocyte surrounded by highly irregularly 221 organized GC layers with holes formed by degradation of GCs (iv). (H) TGF follicle showed larger oocyte in 222 the early secondary follicle stage (black arrow head). (I) Smaller GCs were loosely organized in TGF antral 223 follicles (green arrow). 229 Statistical data showed reduced total number of antral follicles, and substantially increased number of 230 follicles with a diameter > 5mm in 365-day TGF ovaries. Antral follicles were isolated from three ovaries of 231 different gilts, and then classified into 3 groups according to their diameter (d 1-3 mm, d 3-5mm, d>5mm). (C) 232 Comparison of three largest follicles isolated from WT and TGF ovaries. (D) E2 concentration in follicular 233 fluid of TGF large antral follicles was significantly lower than that in WT pre-ovulatory follicles. * stands for 234 P<0.05. (E) P4 concentration in follicular fluid was not significantly different between TGF and WT. 235 Hormones in follicular fluid were measured in follicles from three 365-day ovaries of different gilts.
237
Knockdown of BMP15 caused premature luteinization and impaired oocyte quality in TGF follicles. 238 We next examined the expression and activation of factors relevant to follicular development. Results firstly 239 confirmed that BMP15 protein abundantly located in both WT oocytes and GCs of primary to pre-ovulatory 240 follicles ( Fig. 5A ). Both normal and abnormal TGF follicles showed slightly decreased BMP15 protein 241 accumulation in the less degraded GCs than WT. However, markedly reduced BMP15 expression level was 242 noted in deteriorated oocytes of TGF abnormal (TGFA) follicles ( Fig. 5A ). TGS ovaries exhibited the 243 minimum BMP15 protein level in those primary-like follicles of 110-day TGS ovaries and highly degraded 244 SFs of 365-day TGS ovaries ( Fig. 5A ). Thus, we speculated that the in vivo BMP15 interference efficiency was different in transgenic individuals, which was likely responsed for the two TG ovarian phenotypes (TGF and TGS). Besides, TGS ovaries displayed a phenotype of highly degradation, and serious inhibition of 247 follicular development and cellular activity in the arrested SFs, exactly similar to the phenotypes of BMP15 248 homozygotes mutations sheep (Braw-Tal et al., 1993) and women with POI(Luisi et al., 2015) , with which 249 caused female infertility. Hence, we then chiefly focused on the effects of TGF follicles.
250
In TGF follicles, we found that the expression patterns of both GDF9 and FSHR, the BMP15 cooperator 251 and down regulator respectively, were corresponding to BMP15 (Fig. S5 , Fig. 5A ) in TGF follicles. Whenas 252 there were no changes in expression of BMP15 receptors (ALK6 and BMPR2) ( Fig. S5 ). Contrary to BMP15, 253 the luteinizing hormone receptor (LHR) expressed higher in TGF follicles as compared to WT (Fig. 5A ). This 254 excess expression of LHR suggested premature luteinization in TGF follicles, which was also demonstrated 255 by the dramatically raised expression of 3βHSD (3β-hydroxysteroid dehydrogenase) in TGF SFs (Fig. 256 5B) (Grasa et al., 2016) . In consideration of the striking features of reduced follicle number and degraded GCs 257 in the TGF follicles, we then detected the expression levels of caspase 3 and Ki67 to assess the cell apoptosis 258 and proliferation activity. Surprisingly, there was no change in expression of both caspase 3 and Ki67 in the 259 degraded TGFA follicles (Fig. 5B ). The later investigation of BMP15 mediated signaling pathways suggested 260 an underlying mechanism. We emphasized that notably weakened Smad1/5/8 activity in TGFA follicles when 261 compared to TGF normal SFs (Fig. 6A ), but slighter attenuated Smad2/3 phosphorylation was shown in these 262 abnormal follicles ( Fig. 6B ). It was likely that Smad1/5/8 mainly contributed to the inhibition of follicular 263 development of the TGFA follicles, whereas Smad2/3 activated in a BMP15 independent pathway and played 264 a role in supporting growth of these less degraded follicles. Except for GCs, we also discovered impaired 265 oocyte quality in TGFA follicles. As showed in Fig. 5C , an undetectable level of autophagy-related protein 266 LC3B (microtubule-associated protein 1 light chain 3) (Jiang et al., 2017) was shown in oocytes of TGFA SFs, 267 while oocytes of WT and TGF normal follicles displayed a normal level of LC3B. This result demonstrated 268 that autophagy activity of the oocytes of TGFA follicles was largely weakened, which was fundamental to 269 many oocyte cellular processes (Su et al., 2017) . and premature luteinization were evaluated by immunostaining with Caspase3, Ki67, and 3βHSD respectively.
278
Notably higher expression level of 3βHSD was discovered in abnormal TGF follicles. However, expressions 279 of Caspase3 and Ki67 was not significantly different between abnormal TGF follicles and WT follicles. Scale Immunofluorescence images showed Smad1/5/8 pathway was evidently less activated in abnormal follicles in 289 TGF ovaries, and severely inhibited in highly degraded 365-day TGS follicles, as compared to that in normal 290 follicle of TGF and WT ovaries. (B) Immunofluorescence images demonstrated a mild decrease in Smad2/3 291 signaling in both normal and abnormal follicles of TG ovaries. Smad2/3 signaling was remarkably inhibited in 292 highly degraded 365-day TGS follicles. TGFN, normal follicles in TGF ovary; TGFA, abnormal follicles in 293 TGF ovary. Scale bar = 100μm.
294
Knockdown of BMP15 resulted in dynamic transcriptomic alteration during TGF follicular growth. 296 To further investigate the regulatory role of BMP15 in porcine follicular development, RNA-seq was carried 297 out on follicles or GCs captured by laser capture microdissection (LCM) method from frozen sections of both 298 WT and TGF ovaries. LCM-captured follicles were categorised to three stage of follicular development: 299 primary follicle (PF), secondary follicle (SF), and small antrum follicle (SAF) stages. For large antrum follicle, 300 only parietal granulosa and thecal cells (APC) were captured by LCM for RNA-seq. The follicles or APCs 301 were captured from frozen sections of each 5 TGF and WT ovaries of gilts at age ranging from 60 to 170 days.
302
The gene profiles of 34,640 genes generated by RNA-seq were used for identification of differentially 303 expressed genes (DEGs), and GO and pathway enrichment analysis basing on intra (between each two 304 continuous follicle stages in either WT or TGF sample) and inter (between each follicle stage of WT and TGF 305 sample) effect comparisons (Table S6 ). In intra effect comparisons, the largest number of DEGs (3503 DEGs) 306 was found in SAF WT /SF WT comparison, and the least number of DEGs (350 DEGs) was found in 307 APC WT /SAF WT comparison (Table S6 ). However, in contrast to WT, during TGF follicular development, the 308 lowest number of DEGs was found in SAF TGF /SF TGF comparison, and the largest number of DEGs was found 309 in SF TGF /PF TGF comparison (Table S6) . Striking difference of the dynamics of transcriptions between WT and 310 TGF follicular development were also found in GO ( Fig. 7A ) and pathway ( Fig. S7A ) enrichment. In WT 311 ovary, more DEGs was presented in enriched GO during the dynamical transition from early primary to 312 secondary follicle stage, and from secondary to small antrum follicle stage, but less DEGs was presented in 313 enriched GO during small antrum follicle to large antrum follicle stage transition. Whereas, in TGF ovary, 314 more DEGs was presented in enriched GO during the dynamical transition from small antrum follicle to large 315 antrum follicle stage, but less DEGs was presented during secondary to small antrum follicle stage transition 316 ( Fig. 7A ). These results in GO enrichment were in line with that found in pathway enrichment ( Fig. S7A ).
317
Based on the intra effect analysis, it seemed like that the GCs differentiation during the late secondary stage 318 and early antrum formation(Hennet and Combelles, 2012), had been delayed during TGF follicular 319 dynamical development. BMP15 probably played a more important role during the dynamical development 320 of secondary and subsequent follicle stages rather than in early stages.
321
In consideration of the expression and function of BMP15 during follicular development were (Table S7) , possible associated with the undergoing 344 of premature luteinization of TGF follicles (Fig. 5B ). Except for GCs, we also enriched significantly 345 down-regulated DEGs involved in oocyte meiosis and maturation in TGF follicles beyond primary follicle 346 stage, possibly related to the impaired oocyte quality ( Fig. 5C ).
347
Moreover, we found in vivo knocking down of BMP15 resulted in significant decrease of Bmp15 expression 348 level from primary to small antrum follicle stage (Table S8 ), which was confirmed by qPCR analysis (Fig. 7C ).
349
Through a correlation analysis of the DEGs, we predicted 13 downstream regulated genes of Bmp15, in which Table S8 ). Furthermore, an unexpected significantly decreased expression of 352 Fshr in TGF follicles was detected by transcriptomic analysis (Table S7) , and confirmed by qPCR ( Fig. 7C) , 353 which seemed to be inconsistent to the previous perspective that BMP15 played a role in suppression of Fshr 354 expression (Abir and Fisch, 2011; McMahon et al., 2008; Otsuka et al., 2001; Shimizu et al., 2019) .This (primordial, primary, and early secondary follicles). 90 d represents for 90-day ovarian tissue, which was 376 mainly composed of secondary follicles without antral follicles. AF<5mm, antral follicle with a diameter <5 377 mm. AF 5-6 mm, antral follicle with a diameter of 5-6 mm. AF>7mm, antral follicle with diameter >7 mm.
Knockdown of BMP15 caused reduced capacity of TGF follicles to ovulate. 380 The evidence of disordered estrous cycle, abnormally enlarged antral follicles, and that no corpus lutein was 381 observed in sexually mature TG gilts until 365 days old, demonstrates that knockdown of Bmp15 could cause 382 dysovulation. To investigate the underlying factors causing dysovulation by knocking down of BMP15,
383
COCs (oocyte-cumulus complexes) were isolated from antrum follicles with a diameter of 5-7 mm for 384 single-cell RNA sequencing. As expected, sequencing results showed a drastic decreased of BMP 15 in TGF 385 COCs (Table 1) , which was confirmed by qPCR analysis in antrum follicles (Fig. 7C ). Interestingly, GDF9, 386 the closely related homologous protein of BMP15, was down-regulated by knocking down of BMP15 ( Fig. 7C   387 and Table 1 ). However, the expressions of another BMP poteins (Bmp4, Bmp6) were not affected by knocking (Table 7) , which might contribute to the undergoing of premature 396 luteinization. It has been reported that the down expression of Amhr2 (Anti-Mullerian hormone receptor type 397 2) and Cx43 (Gap junction protein alpha 1) induced by LH in preovulatory follicles was important to 398 ovulation (Norris et al., 2008; Pierre et al., 2013) . Thus the increased expression of these two genes in TGF 399 COCs potentially resulted in a decreased capacity of oocyte meiosis resumption and ovulation. In addition, 400 markedly decreased expression of oocyte quality related genes (Bmp15, Gdf9, Zp2, Zp3, Zar1, and Irf6) 401 strongly implied a reduced oocyte competence in TGF COCs. Total 2,820 DEGs (885 up-regulated, 1,935 down-regulated) was generated for pathway enrichment. The 406 significantly up-regulated AMPK (Fig. 8A , C) and Ovarian steroidogenesis ( Fig. 8A, B ) pathways were likely to contribute to the greater number of large antrum follicles in TGF ovaries, according to the findings of 408 previous studies in sheep (Foroughinia et al., 2017) and sow (Knox, 2005) . However, pathways (Cell cycle,
409
P53 et al) involved in cell proliferation and growth, were significantly down-regulated ( Fig. 8A, B ), which 410 was consistent with the results of the dynamic transcriptomic analysis of TGF follicles ( Fig. S7B ).
411
Furthermore, four pathways including oocyte meiosis, oocyte maturation, cell cycle, and ovarian 412 steroidogenesis, which were closely involved in regulation of oocyte maturation and ovulation, presented a 413 DEGs enrichment more than 20% (Fig. 8A,B ). In total, these results revealed both impaired function of 414 cumulus cells and oocyte maturation in TGF COCs, suggesting a reduced capacity to ovulate.
415
However, surprisingly, the expression of Impdh (Inosine monophosphate dehydrogenase 2) and Npr2 416 (Natriuretic peptide receptor 2) was not affected ( Fig. 8D and Table S9 ). These two genes have been reported 417 in mice to be up-regulated by BMP15 and GDF9 during the activation of maturation promoting factor (MPF)
418
(Cyclin B and CDK1) and stimulation of oocyte meiotic resumption in vitro (Wigglesworth et al., 2013) .
419
Instead, we discovered significantly decreased expression of Cyclin B and Cdk1 (Cyclin dependent kinase 1) 420 in TGF follicles from secondary stage onward ( Fig. 8D and Table S9 ), which implies the involvement of 421 BMP15 in modulating porcine oocyte meiosis possibly through regulating the expression of MPF. The effect of BMP15 mutations on altering ovarian follicular development and ovulation rate was firstly 436 discovered in Inverdale (FecX) sheep (Braw-Tal et al., 1993; Davis et al., 1992; Smith et al., 1997 accumulated abundantly, and was only slightly lower than that in WT ovaries (Fig. 5A ), despite the mRNA 449 level of BMP15 had decreased to the half of wild-type as detected in 365-day ( Fig. 1E ) and 30-day ( Fig. 1F and ovulation dysfunction. We found that TGF and TGS ovaries could concurrently appear in single TG 454 gilts (Fig. 3A) . The difference in in vivo interference efficiency of integrated shRNA plasmid between 455 bilateral ovaries in single TG individual may be caused by unknown complicated regulatory mechanism of 456 transgene expression, possibly including epigenetic factors.
GCs growth but increase GCs sensitivity to FSH, leading to increased ovulation of smaller matured follicles 459 with reduced amounts of E2 and inhibin (Fabre et al., 2006a; Otsuka et al., 2001; Otsuka et al., 2000; 460 Shackell et al., 1993) . However, this was inconsistent to our results. As the in vivo mRNA level of BMP15 461 in TGF ovaries was knocked down to half of wild-type in TG gilts, thus these TG gilts with TGF ovaries 462 could be considered as pigs with heterozygous mutations in BMP15. In different to ewes heterozygous for 463 mutations in BMP15, our TG gilts did not present increased ovulation rate, but in contrast, a dysfunction in 464 ovulation, as corpus lutein can not be found in TGF ovaries from TG gilts of age younger than 365 days, 465 though they can be observed in TGF ovaries from TGF gilts at age of 400 and 500 days ( Fig. S4A) , 466 indicating a delayed ovulation in TGF gilts. In addition, significantly decreased amount of total and smaller 467 antral follicles in TGF ovaries (Fig. 4A, B ) seemed incapable to support an increased ovulation rate.
468
Moreover, the appearance of abnormally enlarged antral follicles with lower FSHR expression level and E2 469 production ( Fig. 4) Table S7 ). Furthermore, the findings of inhibition in GCs proliferation and 486 differentiation, increased expression of genes involved in steroidogenesis (StAR, Cyp11a, 3βHSD) ( Fig. 5B , 487 8C, Table 1, Table S7 ), drastically decreased of E2 production (Fig. 4D) , subsequent absence of dominant 488 follicle selection in the TGF follicles, were likely to be consequences of the declined sensitivity of GCs to 489 period(Mori, 2016). Given the degradation of GCs and abnormal structure GCs layers observed in TGF 8D and Table S9 ). Therefore, our results might support an underlying mechanism of BMP15 involved in 514 porcine oocyte meiosis and maturation through regulating the expression of MPF, however, this requires 515 further studies to elucidate.
516
In summary, knockdown of BMP15 caused markedly reduced fertility of TG gilts mainly through 517 inhibition of both GCs and oocyte development (Fig. 9 ). The suppression of GCs proliferation and expression vector (Fig. 1A) . Meanwhile, a scramble shRNA expression vector generated as negative control.
554
To evaluate the RNA interference efficiency of shRNA, porcine Bmp15 CDS was synthesized (Sangon 555 Biotech, China), and cloned into psiCheckⅡvector (Promega, USA) to generate psiCheckⅡ-Bmp15 plasmid.
556
Each pEGFP-Bmp15-shRNA plasmid then was respectively co-transfected with psiCheckⅡ-Bmp15 plasmid 557 into HEK293 cells. After 48 h culturing, transfected cells were collected, and subjected to RNA interference 558 efficiency detection by using a dual-luciferase reporter system (Promega, USA). The shRNA with most 559 efficient RNA interference efficiency then was selected for generation of BMP15 knockdown pig model. antral follicles with diameter of 3-5mm and diameter >5mm were collected by a dispensable 10 mL syringe.
628
The concentrations of FSH, LH, E2, and P4 in follicular fluid were quantified by the CLIA method (Siemens, 629 Germany).
631
Laser capture microdissection (LCM). A total of 10 ovaries from each five WT and TGF gilts at age of 60 to 632 170 days, were embedded in OCT and placed on a cryostat (MICROM, HM560, Germany). All ovaries were 633 cut into 7 μm-thick sections and mounted on RNAse free membrane slides (MMI, 50102). These membrane 634 slides then were fixed in ice-cold 95% ethanol for 1 min, and later washed in 75% ethanol for 30 sec.
635
Afterward, sections were stained following the methods as previously reported (Golubeva et al., 2013) . Briefly, 636 staining mixture was prepared with 1% cresyl violet in absolute ethyl alcohol, EosinY, RNAse free water, and 637 100% ethanol at the ratio of 3:1:4:4. Membrane slides were stained in this fresh staining mixture for 30 sec, 638 then dehydrated through 100% ethanol 1 min three times, and followed 30 s incubation in xylene. Slides were 639 finally dried for 5 min by a hair dryers blowing cold wind, and stored at -80°C until used.
640
The follicles were distinguished from each other as follows: primary follicle (PF) was defined by a clear 641 monolayer of cuboidal granulosa cells; secondary follicle (SF) was defined by more than two layers of granulosa cells but without any antrum; small antrum follicle (SAF) was defined by obvious small antrum but to generate the co-expression network.
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Synergistic roles of bone morphogenetic protein 15 and growth differentiation factor 9 in ovarian function. Molecular 852 endocrinology 15, 854-866. 853 Yoshino , O., McMahon, H.E., Sharma, S., Shimasaki, S. (2006) . A unique preovulatory expression pattern plays a key role in the 854 physiological functions of BMP-15 in the mouse. Proceedings of the National Academy of Sciences 103, 10678-10683. 855 Zhai , B., Liu, H., Li, X., Dai, L., Gao, Y., Li, C., Zhang, L., Ding, Y., Yu, X. into Large White sow were followed the operation procedure of BGI Ark Biotechnology, China. We at last 869 obtained two healthy neonatal F0 generation transgenic males. One TG boar was mated with wild-type sows 870 to generate F1 gilts. Both F0 and F1 TG pigs showed visible intense GFP fluorescence on toes while subjected showed less normal secondary follicles (SFs) in TGF ovaries but higher proportion of abnormal SFs. Each 903 three ovarian sections of two WT ovaries and five TGF ovaries were examined. These ovaries were from 904 different gilts at age of 160 to 400 days. Four types of abnormal follicular were distinguished as followings: 
914
Immunohistochemical staining showed that expression levels of GDF9, ALK6 and BMPR2 were not 915 significant different between TGF and WT follicles, but significantly declined in 110 and 365-day TGS Primer Sequence (5'to 3') 
Amd1
Adenosylmethionine decarboxylase 1 -1.1 0.00 -1.3 0.00 -1.6 0.00
Cacybp Calcyclin binding protein -1.4 0.00 -1.1 0.00 -1.0 0.00
Acat1
Acetyl-CoA acetyltransferase 1 -1.6 0.00 -1.3 0.00 -1.0 0.00 Dtd2 D-tyrosyl-tRNA deacylase 2 -1.1 0.00 -1.5 0.00 -1.7 0.01
Cep70
Centrosomal protein 70 -1.1 0.00 -1.2 0.00 -1.2 0.03
Nrde2
Necessary for RNA interference, domain containing 2.3 0.00 1.9 0.00 1.5 0.00
Plekha4 Pleckstrin homology domain containing A4 1.0 0.02 1.4 0.00 1.5 0.00
Stmn2
Stathmin 2 1.1 0.00 1.6 0.00 2.2 0.00
Cmpk2 Cytidine/uridine monophosphate kinase 2 1.2 0.01 2.4 0.00 3.4 0.00
Igfbp7
Insulin like growth factor binding protein 7 1.6 0.00 2.2 0.00 2.7 0.00
Fgf9
Fibroblast growth factor 9 1.5 0.00 2.0 0.00 2. 
